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Chapter 1 Background and Literature

Survey

Equation Chapter 1 Section 1

1.1 Basics of Electromigration

Electromigration is a diffusion-controlled mass-transport phenomenon that
takes place in metals and alloys. Under high current density atoms (ions) move in
the same direction as electrons as a result of electron wind forces, which result in
mass migration from the cathode side to anode side. Voids lead to electrical and
mechanical failure of the electronic devices. Electromigration has not been a
limiting factor for electronic devices up to this point because of relatively low
current densities needed by the state-of-the-art electronic devices. In the next
generation nanoelectronics and power electronics packaging current densities
are expected to increase 2 or 3 orders of magnitude. Electromigration was
identified as an integrated circuit failure cause by Blech et al in the 1960s (Blech
and Sello 1965:Blech and Sello 1966). The works of Huntington and Fiks(Fiks
1959;Huntington and Grone 1961;Fiks 1964) has been the basis for the
understanding of electromigration, and the understanding of physics of
electromigration has been improved upon the subsequent studies(Bosvieux and
Friedel 1962:Sorbello 1973;Das and Peierls 1973;Landauer 1975;Schaich

1976:Lodder and Brand 1984;Chu and Sorbello 1991).




1.1.1 Driving Forces of Electromigration

Regardless of complexity of electromigration in various materials, it is a
diffusion controlled mass-transport phenomenon. The diffusion flux can be

described based on Fick’s laws :

= g5 [1-1]

B
kT

in which N is the atomic concentration;

D is the diffusivity;

k is Boltzmann constant;

T is temperature (Kelvin)

F is the driving force.

There are four forces that drive or hinder electromigration process, they are;
1). Electron wind force

2) Stress gradierit

3) Vacancy concentration gradient

4) Temperature gradient

In the following section these four forces will be briefly discussed.

1.1.1.1 Electron Wind Force

In the early 1950s, Seith and Wever used surface markers technique in the

study of various Hume-Rothery alloys where they revealed a direct correlation




between the sign of the charge carriers and the direction of net mass motion
(Seith and Wever.1953;Seith 1955:Wever and Seith 1955). Their hypothesis was,
there is an effect of momentum exchange between the free electrons and the
moving atoms (or ions; the terms “atom” and “ion” are used interchangeably),
based on their observation. Such an electron wind force drives positive ions in the
direction of the electron flow, which is opposite to the direction of the electrostatic
force of the electric field. Figure 1 shows the schematic of electron wind force due
to the momentum exchange (from collisions) between conducting electrons and
diffusing metal atoms and direct electrostatic force exerted on the atoms in a
metal conductor.

+ . =

Fwind  Fdirect =—e

-—

e g
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Figure 1 Kinematics of electromigration process (Ye 2004)
Therefore, the driving force exerted on an ion is then (Huntington 1972)

F=lo,tF .= (Zwind +Ze/)eE = Z‘epj [1-2]

irect
where Z,ing is the valence number arises from the electron wind force, Ze is
the nominal valence of an ion, Z is called effective valance (or effective charge

number), which is combination of the electron wind force and electrostatic force, e




is electron charge, E is the macroscopic electric field, which is related to the

electric potential y according toE=-Vy, p is resistivity, and j is current

density. 7" is commonly negative in metal conductors because of the influence of

the “electron wind.”

Among the various theoretical calculations of Z', the ballistic model is the

most popular one developed independently by Fiks(Fiks 1959) and

Huntington(Huntington and Grone 1961). For a complete review of the various

theoretical models see (Sorbello 1991) and Ye(Ye 2004).

1.1.1.2 Spherical Stress Gradient and Vacancy Concentration Gradient

These two forces are thermodynamically interrelated and therefore they are

put in the same section.
Ainslie et al (1972) first recognized that mechanical stress may play an

important role in electromigration damage. They suggested that a spherical stress

gradient may oppose electromigration flow and the spherical stress may affect the

diffusivity. But they underestimated the possible stress level that can be obtained

in thin film during electromigration. The importance of stress to electromigration

was first demonstrated in experiments by Blech (Blech and Kinsbron 1975;Blech

1976:Blech and Herring 1976:Blech and Tai 1977). In a series of “drift’

experiments, thin metal films were deposited onto a high-resistance, refractory




substrate. After running electric current through the thin film, the edge of the film
closer to the cathode was observed to move towards the anode. It was
discovered that the drift velocity was a function of the film length. Longer film
showed a much higher drift velocity than short ones. He found that a threshold or

critical film length exists for electrbmigration, under which no electromigration

edge drift will occur (Figure 2).

b

+ + + o
o 001 002 003 004 005 006
(‘M 1/Critical length

Figure 2 Drift of four aluminum strips with varying lengths (heat treated
350°C, 20h) after passage of 3.7x10°A/cm? (Blech 1976)

The experiments suggested that ions transported by the electromigration
create a stress and/or concentration differences between the film ends causing a
back flow that counteracts the electromigration. Under the critical length, a back
flow created by pressure gradients balances the forward electromigration flow,

thus eliminating any net flow. Based on the Fick’s law flux due to stress gradient is

given by

P [1-3]




Where Vo is the spherical stress gradient.

[1-1] and [1-3] , the driving force due to stress gradient

Combining Equation
can be identified as:

F = [1-4]

V_a
N

The critical length can be calculated from Equations [1-2] and [1-4] when the
two forces are equal to each other.

Using transmission X-ray topography, Blech and Herring confirmed the
stress gradient build-up in thin Al films during passage of electrical current (Blech
and Herring 1976;Blech and Tai 1977).Ye was able to show the stress gradient in
a solder joint using Moiré Interferometry (Ye 2004)

Mass diffusion due to atomic/vacancy concentration gradient can be
described as

J=-DVC [1-5]
where J is flux, D is diffusion coefficient and VC is concentration gradient.

It is worthwhile to point out that the vacancy concentration gradient and the
stress gradient are not independent quantities. An increased tensile stress will
have an increased vacancy concentration in thermal equilibrium status and the
opposite for a compressive stress. Since the time needed for thermal equilibrium
establishment is far shorter compared with relatively long period of time needed

for solid diffusion, those two gradients are directly related to each other.




The experimental measurement of stress evolution are done mostly by x-ray
microdiffraction techniques (Kuschke and Arzt 1994:Wang et al 1998;Wang
2001:Solak 2004) or other indirect techniques such as Raman spectroscopy and
micro-topography (Wang 2000;Ma 2004). Indirect measurements have
concentrated on measurement within substrate materials. Both direct and indirect
measurements can not provide stress field values directly, because both methods
can only measure strain field. Stress field must be deducted from strain field
under a constitutive relation of the material and boundary conditions. With the
advancing X-ray techniques such as advanced photon source and fresnel zone
plates(x-ray optics), the decision and resolution of x-ray microdiffraction has been
improving and are able to give real time strain field value under 10 micron
resolution(Wang et al. 1998).

Several researchers proposed analytical or numerical models for stresses
under electromigration(Ross  1991;Kirchheim  1992;Clement  and Lloyd
1992:Korhonen et al 1993;Kirchheim 1993a;Clement and Thompson 1995).

In Kirchheim’s approach(Kirchheim 1992), electromigration is described as a
biased diffusion of vacancies. The vacancy flux and atomic flux must be equal in
a vacancy controlled diffusion mechanism and 1-D vacancy flux in Kirchheim

formulation is given by (Kirchheim 1992)

Jeu PPy S g S0 [1-6]
ox KT e

where Z'e is effective charge, j is current, D, is vacancy diffusivity, f is




HE =l N . BE =

vacancy relaxation ratio (ratio of a volume of a vacancy to volume of an atom),

E=pj, where p is resistivity and j is current density, Q is atomic volume. A
direct relationship between the rate of change of stress and the action of the

vacancy source term is proposed as:

A (7]

ot d T,
where B is the bulk modulus, f'=1-f, & isgrain boundary thickness, and
d is grain size. Here Kirchheim only considered the diffusion in grain boundary
since the grain boundary is the major path in diffusion of vacancies. This

assumption is not true for bamboo structure, which a single grain occupies the

whole lateral area. r, is characteristic time for generation or annihilation of

vacancy and C,=Ce is defined as vacancy generation/annihilation rate. It is
T

s

proposed that vacancy will generate or annihilate in grain boundaries if their
concentration deviates from the equilibrium value. C, is vacancy concentration
and C, is thermal equilibrium vacancy concentration. C,, is defined by
Kirchheim(Kirchheim 1992) as
C, =C, exp(f Qo /kT) [1-8]
C,, is the thermal equilibrium vacancy concentration at a stress-free state
which is given by C,, =C, exp(-E,/kT), where E’ is the activation energy for

vacancy formation in the location of interest (lattice, grain boundary, or interface)

and C_ is lattice concentration (Lloyd 1995).




EE EE

In equation [1-7], Kirchheim directly relates stress change rate to the vacancy
concentration recovery rate. It is pointed out by Sarychev (Sarychev and Zhinikov
1999) that if the rate change of vacancy concentration is considered another term
which is the vacancy flux divergence should be also included. Kirchheim in his
theory treats materials as elastic which is not true for most metals(Lin and
Basaran 2004). But elasticity is a expedient assumption since it can dramatically
simplify the solution. Elasticity assumption is used by most of the electromigration
models in the literature. Finally the o in Kirchheim formulations is spherical
stress.

The conservation equation for vacancy concentration given by

ac, aJ C,-C, (1-9]

\4

ot ox z,
By solving the coupled differential equations [1-6] to [1-9], both the
vacancy concentration evolution and transient spherical stress build-up in the one

dimensional thin film conductor can be found.

Korhonen (1993) proposed another slightly different model than Kirchheim.
In Korhonen's model the change of lattice sites per unit volume is used instead of
vacancy change for the source of deformation. The same simplification of
elasticity is used. To make problem more simpler, Korhonen assume thermal

equilibrium of vacancy concentration is always maintained with the available

sink/source of vacancy, thus




C =C_=C,,exp(Qc/kT) [1-10]

Korhonen argued that because of the confinement by the surrounding in the
metallization lines (integrated circuit) metallization, the change in lattice site will
create stress in three major direction as o,,0, ando,. Since the chemical
potential in any cross section is constant at all boundary conditions, the
deposition of atoms at the grain boundary does not have any preferred direction.
Korhonen concluded that o, must equal to o, because of the reason stated
above, where o, o, are in plane stress (integrated circuit plane). This
conclusion comes directly from the constitutive modgl adopted by Korhonen.
Korhonen used Eshelby theory of inclusions as the constitutive model. Eshelby
theory gives the stress field due to inclusions in an infinite matrix which is not
suitable for a thin film because it has limited dimension in thickness and width. But
it is sufficient to provide a qualitative estimate of stress evolution during
electromigration.

The constitutive equation between stress and vacancy concentrations is

presented by Korhonen as follows

A [1-11]
C, B

where dC, is the change of lattice site per unit volume and C_ is the lattice
site concentration per unit volume, B is applicable bulk modulus which is related

to aspect ratio and Young’s modulus of specimen. Here the lattice site occupied

10




by atom or vacancy is treated as the same volume.

The conservation equation for lattice site is
oJ, oC, C,oo
— =—r =

ox o B ot

where C. is vacancy concentration. The lattice concentration is related to

v

[1-12]

atomic concentration and vacancy concentration by:C, =C, +C,. J, is atomic

flux which is defined as

DC. .
¥ =——kT—(V,u+Eq ) [1-13]
where D, is atomic diffusivity, u =y, —Qo (Herring 1950;Herring 1971), is

the chemical potential and g, is chemical potential at stress free state, q is the

effective charge, and E is electric field.

By further approximating that C, =C, =1/Q and(C,/C,)BQ/kTU 1, a one
dimensional expression of stress evolution along the metal line during

electromigration is derived as (Korhonen et al. 1993)

6a_£|:DaBQ(6_a+E_q] (1-14]

o x| KT ax Q
Because of it's simplicity, Korhonen’s model gained wide acceptance. By
assuming that when the stress level reaches the yield stress, the material has
failed, the solution of Equation [1-14] for blocking diffusion boundary conditions
gives power of -2 dependence for time to failure versus current density relation
which agrees with Black’s experiments(Black 1969). The main advantage of
Korhonen’s model is that it only deals with a single differential equation rather

than solving coupled differential equations which is proposed by Kirchheim,




Clement and Thompson (1995) re-examined the assumptions and
approximations in the Korhonen treatment, and reformulated an analytic
expression for the evolution of the stress in confined interconnect lines. In their

approach, electromigration is described as a vacancy diffusion equation with a

sink/source term:
oc, aJ,
—+—r+y=0 ' 1-15
= [1-15]
where J, is the vacancy flux and y is the vacancy generation/annihilation

L

ot

rate. They expressed the sink/source term asy = -

Clement. and Thompson used the same assumption as the Korhonen model
that the vacancies are in equilibrium with stress and followed the stress-lattice
concentration relationship developed in Korhonen model (Equation [1-11]) This
model is later improved by Clement (Clement 1997) with the consideration of a

ratio of the line cross sectional area to the area of the diffusion path, ¢, in the

ac,
o

A more complicated model is proposed by Young-Joon Park et al(1996)

vacancy sink/source term:y =—¢

based on the work of Korhonen and Clement. Park considered atomic diffusivity
changing with spherical stress. A tensile stress increases the vacancy
concentration aiding diffusion while a compressive stress will depress the
vacancy concentration, hampering diffusion. Also the chemical potential term is
more complicated in Park’s model which is a polynomial term based on the work

of Murray (Murray 1985). The same constitutive model is used for stress rate
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change equation as Korhonen and Clement.

After reviewing the stress evolution model for thin film electromigration
discussed above, several noticeable common weakness are in these models
which need to be addressed for more complicated stress evolution that happens
in solder alloy electromigration.

First, the mechanical constitutive models used in above models are all linear
elastic, which is not true for most metals, especially for eutectic solder material
(viscoplastic material with a low yield stress).

Second, the models discussed above can not consider various boundary and
initial conditions, which can only be treated using a general finite element
approach.

Third, due to elasticity simplification, these models all directly give equations
which directly relate stress to vacancy concentration or lattice concentration,
which prevents implementation of more complicated material constitutive models.

Sarychev (Sarychev and Zhinikov 1999) proposed a new model based on
Kirchheim and Korhonen works., Sarychev improved Kirchheim’s model by
adding a direct contribution of the vacancy flux in the stress evolution to
Kirchheim’ model. More importantly, although Sarychev still used linear elastic

constitutive relation in developing the model, they related stress and vacancy
concentration through strain, thus allows implementation of complicated stress

strain constitutive models. The result of Sarychev'’s model is a set of differential
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equations in the form similar to Kirchheim's result. Because of the advantages of
Sarychev and Zhinnikov's model, we will adopt their model as our bases for
development of a general model for stress and damage evolution under

electromigration. The details of Sarychev’s model will be discussed in a latter
chapter.

1.1.1.3 Thermomigration

The so called Soret diffusion is the atomic diffusion driven by thermal
gradient(Huntington 1972). High current density in metal lines or solder joints
cause self heating due to Joule effect which will create thermal gradient .inside
the thin metal lines or solder connection. Due to the small dimension of electronic
components, the thermal gradient can reach the order or 10°°C/cm.

The driving force produced by a temperature gradient is described by

the following equation:

F=-Q'VT/T [1-16]

where Q" is the heat of transport, the isothermal heat transmitted by moving
an atom in the process of jumping a lattice site less the intrinsic enthalpy. Since
different mechanisms contribute to Q°, both positive and negative values of O
have been found in the literature. For positive Q' value, the atoms move from
hot to cold zones. Some results(Van Gurp et al 1985;van Gurp and du Chatenier

1985) have demonstrated positive values in the case of indium, aluminum and
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gold. For aluminum 0" ~0.03¢V , while a maximum estimate for the thermal
gradient is 2x10°°C/cm. At 25°C one calculates F =13eV/m. This value is two
orders of magnitude smaller than the electromigration driving force
F =3000eV /m if we use Z" =-10 and current density j=10°A4/cm* . (Scorzoni
et al 1991). So in thin film electromigration cases, the thermomigration can be
omitted.  Kirchheim(Kirchheim 1992) in his models also mentioned
thermomigration and included it in his flux equation, but in latter formulation, he
omitted the thermomigration term due to same reason above.

Although thermomigraton may not be dominant compared to
electromigration in thin film, it may not be omitted at other cases. For instance
solder joints(Ye et al 2003e). This is mainly due to the micro structure of the
solder joints. Several very thin layers of metallic mostly aluminum or copper
above solder joint will generate a large amount of heat due to high current
density(in the order of 107 4/cm®) which will create thermal gradient in the order

of 10°°C/cm . Consequently, reliability problems may arise due to

thermomigration(Gupta 1997). Solder joint's dimension is in the order of 100 um
which are much larger than thin film metal lines thickness, which makes the
normal current density 2 order of magnitude smaller than metal lines, if the same
temperature gradient existed and same order of magnitude of heat of transport
adopted, the thermomigration driving force will be expected to be in the same

order as electromigration (For eutectic solder joints the effective charge number is




in the same order of magnitude as aluminum). A reduced heat of transport Q - h

= 0.106+0.004 eV has been reported(Johns and Blackburn 1975) for

thermomigration in pure lead at the temperature range of 595-475 K. The difficulty

of considering thermomigration in solder joints is lack of available experimental

data reporting heat of transport.

1.1.2 Diffusivity

Diffusivity is the material constant which represent the mobility of atoms or

vacancies. In the general case diffusivity D is a tensor. Diffusivity usually obeys

the following relationship:

D =D,exp(-E,/kT) [1-17]
where D, isa temperature-independent coefficient and E, is the activation
energy of the particular diffusion process. A number of diffusion mechanisms are

known to act inside polycrystalline material. The kinetics of various mechanisms

have been extensively studied and results indicate that the activation energy is

closely related to the absolute melting temperature of the host medium.

1.1.2.1 Diffusion Mechanisms

Bulk/lattice diffusion, grain boundary diffusion and surface diffusion are
three major diffusion mechanisms. Generally speaking surface diffusion is the
fastest one and bulk/lattice diffusion slowest one. There are also other types of
mechanisms for atom/vacancy diffusion such as grain boundary to bulk/lattice

( which creates grain boundary segregation phenomenon). For aluminum, based
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on Lloyd (Lloyd 1999) the activation energy for aluminum is 1.2-eV for bulk
diffusion, 0.6-0.7eV for grain boundary diffusioﬁ and 0.8-1.0 eV for surface
diffusion. For copper the activation energy for bulk diffusion is 2.3eV, for grain
boundary diffusion is 1.2eV and 0.7-1.0 for surface diffusion. The difference in
activation energy suggests that copper diffusion is slower than aluminum. The
typical ULSI (Ultra Large Scale Integrated) circuit application operate at
temperature of 373K, is about 40% of the aluminum melting point (933K) and
27.4% of the copper melting temperature (1357K). So the electromigration
damage process in copper is expected to be slower than in aluminum. Also from
above activation energies for different diffusion mechanisms for aluminum and
copper, we can readily see that grain boundary diffusion is dominant in aluminum

and with copper surface diffusion prevails. This is very important since it gives out

different approaches to minimize the damage due to electromigration. For

example, for aluminum narrow lines which have single grain along the width of
lines (Bamboo structure) offer great advantage since it can reduces the grain
boundary diffusion. But for copper the interface diffusion is dominant, the same
approach can not be adopted since the narrow line will have the same surface
area to cross section area ratio as wide lines(Li et al 2004a). We will further
explore this issue at later sections.

For solder alloys, the surface area to cross section area ratio is much

bigger than thin film due to the bulk structure of solder joints. Surface diffusion is
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not significant compared to grain boundary diffusion. The melting temperatures of
low tin solders (1-5wt% Sn) are in the range of 563K to 598K and those
containing a near eutectic composition (62 wt% Sn) are in the 455K to
493K(Gupta et al 1998). In view of the low melting temperature of tin based
solders, diffusion in lattice and in grain boundaries may occur simultaneously at
the temperature of operation(Gupta 1997). The interplay of the two atomic
diffusion processes is in polycrystalline materials is best described by the three
kinetic regimes A, B and C due to Harrison(Harrison 1961) which are shown

schematically in Figure 3.

Gupta (Gupta 1997) divided those three kinetics of diffusion according to the
ratio of operating temperature to melting, that is, generally speaking when T/T,
is above 0.5, A-type kinetics which involve extensive lattice and grain boundary

diffusion will be dominant. Consequently, the effective diffusivities (D,;) have

lower activation energy which can be described as:
D, =(- /D, + /D, [1-18]
where D, is lattice diffusivity, D, is grain boundary diffusivity and f is the

fraction of atoms at the grain boundaries with respect to the grains so that

f=468/L, where 5 is the grain boundary width and L the grain diameter. For
metals and most ceramic materials, the grain boundary width is assumed to have
a constant value of 0.5nm. If solute segregation (solute segregation means that

the solute concentration is not continuous across the boundary condition) at the
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grain boundaries is included, a segregation parameter K =C,/C, must be

included in equation [1-18], where C, and C, are the solute concentrations in

the grain boundaries and the lattice respectively. Hence:

4K5D,

D, 0D ++ [1-19]

In the temperature range of 0.37, <T <0.57,,, B-type kinetics are operative
as in Figure 3 (b). Here fast diffusion along the grain boundary is accompanied by
leakage of the diffusant into the grains. At this type, the grain diameter Lis
consider to be a lot larger than the diﬁusion length \/E,_t where t is the time for
diffusion. And below 0.37,,, lattice diffusion is almost frozen out so that only grain
boundary diffusion prevails.. This is characterized by C-type kinetics shown in
Figure 3(c). It requires 2@ 0 &. For solder connections under accelerated life
test for high current density , the temperature is normally at 373K which is above

0.5T, so type-A or type B kinetics will be operative.
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Figure 3 (a) Type-A (b) Type-B (c) Type-C kinetics

for grain boundary diffusion

the curved lines are isoconcentration contours
1.1.2.2 Measuring Diffusivity
The first direct proof of grain boundary diffusion was obtained in the
early 1950s using autoradiography (Barnes 1950). The appearance of the famous
Fisher model (Fisher 1951) of grain boundary diffusion and the development and
extensive radiotracer serial sectioning technique makes the grain boundary

diffusion quantitatively measurable.

Most grain boundary diffusion measurements are carried out using
radio tracers and serial sectioning technique(Rothman 1984;Philbert 1991). After

tracer deposition and diffusion anneal, thin layer of the material parallel to the
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source surface are removed from the specimen (either mechanically or by ion '
sputtering) and radioactivity of each section is determined using a crystalline
y -detector or liquid scintillation counter. The quantity measured in such
experiments is the average layered concentration of the diffusant,c , as a function
of the penetration depth y.(Mishin and Herzig 1999) This function, called a
concentration (or penetration, or diffusion) profile, bears the information about the
GB diffusion parameters. It is therefore subject to a mathematical treatment

designed to extract that information.

1.1.2.3 Diffusivity Dependence

From equation [1-17], the temperature is obviously a very important
factor Which will great affect diffusivity. Also with the temperature change, the
effective diffusivity will change since at higher temperature, the bulk diffusion may
be operative along with grain boundary or surface diffusion.

Also material melting temperature is an important indication of
diffusivity. There is a empirical correlations between GB diffusion data and melting
temperature for three classes of metals (fcc,bcc and hcp) derived by Brown and
Ashby(Brown and Ashby 1980) and Gust et al.(Gust et al 1985). Although the
physical justification of such correlation is rather obscure, such correlations do

work and are a very useful as a guide for the evaluation of new data.
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Brown and Ashby Gust et al.
Structure 8Dy (ms™L) Ey(Tmol™) 6Dy (m’s™h) Ey (Jmol™?)
foc 9.44x 1075  83.0T, 97x10°8 7547,
bee 3.35%x 107 9767, 92x10°5 86Ty
hep LM x 1074 898T, 1.5x10-4  854T,

Figure 4 Empirical correlation between GB self-diffusion and the melting
temperature

Microstructure changes also can greatly affect the diffusivity. Grain
boundary diffusion is very sensitive to the grain boundary structure and the
chemical deposition. In thin films, the alloying copper into aluminum has proven to
significantly enhance aluminum interconnect electromigration through reducing
grain boundary diffusivity(Lloyd and Clement 1995;0gawa et al 2002). Also for
eutectic solder, with the unstable lamella structure changes, the diffusion will
change from interface diffusion to regular polycrystalline materials(Gupta et al.
1993).

Stress can also affect diffusivity. A tensile stress increases the vacancy
concentration aiding diffusion while a compressive stress will depress the
vacancy concentration, hampering diffusion. Not only does the stress state affect
diffusivities through effects on the concentration of vacancies, but stress also
affects the activation volume, increasing it and enhancing diffusion in tensile
stress states, and decreasing it and suppressing diffusion in compressive stress

states.
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1.2 Electromigration Failure in Microelectronic Structure

Electromigration failure is very large scale integration interconnects has been
studied since the early 1960s(Blech and Sello 1966;Blech and Sello 1967).
Aluminum or aluminum alloy with 1-2% of copper has been under extensive study
since aluminum has been interconnecting conductors in the microelectronic
industry for the past 40 years. Due to the trend of miniaturization, however, the
industry has turned to copper as the interconnect conductors for its low
resistance-capacitance delay. The question of electromigration in copper
metallization must be examined. Also since the system of interconnects in a
device includes solder joints on one end that link to package circuits,
electromigration in solder has also emerged as a concern in the industry.
Compared to the research of electromigration in aluminum and copper, the study
in electromigration in solder is rather immature.

When a high density current running through conductors, the electron wind
force will cause the atom moving from cathode to anode and vacancy from anode
to cathode. If the interface is diffusion barrier, such as aluminum interconnects
with W vias, then the vacancy flux divergence near cathode will generate tension
stress at interface of aluminum and W vias. On the opposite side, compression
stress will build up at near anode side. The final failure at cathode side appears

after the voids nucleate and coalesce, and eventually forming a open circuit
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failure. On the opposite side, hillocks will generate due to compression stress and
sometimes will cause short circuits failure. Voids and hillocks are the prominent
two features of electromigration failure.

Blech (Blech and Kinsbron 1975;Blech 1976;Blech and Herring 1976;Blech
and Tai 1977) showed that stress gradient play an important role. Also
thermomigration can affect interconnects especially solder interconnection(Ye et
al. 2003d). Current density distribution (current crowding) can affect voids
preferable generation location(Tu et al 2000;Yeh and Tu 2000;Yeh et al 2002).
Besides the driving force, diffusion mechanism will greatiy affect material failure
time. Also boundary condition and microstructure of interconnects are important
factors too.

Experiments of electromigration are essential for investigating the failure
mechanism and providing first hand data for further analysis. During the past 40
years, development of experimental technique furnished us more detail about
electromigration failure. Also since electromigration is always coupled with
thermal, electrical, and mechanical process, analytical tools are also needed to
analyze the experimental data and systematically reveal the detail picture of
electromigration failure. For a complete review for electromigration failure
researches, readers are suggested to refer to (Scorzoni et al. 1991;Lloyd

1997;0gawa et al. 2002;Tu 2003;Hau-Riege 2004;Li et al 2004b).
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1.2.1 Black’s Experiment and Time to Failure

EM can be studied using several test-structure types(Ogawa et al. 2002). In
a given interconnect at some test temperature, electron flow is driven from its
cathode-end into its anode. Testing at various temperatures, determining the
failure rates, and testing structures with various width and thickness combinations
permit the identification of the mechanism-types involved in the failure process.
The most prominent type is a NIST(National Institute Standards and Technology)
or stripe structure, which is essentially a long interconnect connected at its ends
to contact bond pads. The structure is a 1-level structure and is much simpler to
fabricate than a 2-level structure. The NIST structure is also useful for joule
heating studies. Another type of structure is a “drift” or"‘BIech” structure(Blech
1976) , where the interconnect is deposited directly over a thin redundant layer of
higher resistivity material such as “Al over titanium nitride” or “Cu over tungsten.”
The redundant layer is the level that is connected to external contact pads. When
current is applied through it, the current preferentially flows through the lower
resistivity metal. This is called a drift structure because the movement of material
due to EM is visible from above, permitting measurement of a physical drift rate.
When the rows of drift structures with various line lengths are serially arranged,
one can measure the critical length or Blech effect where mass transport of

interconnects with lengths shorter than a critical value fail to show evidence of
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drift for a given current density. The drift structures are also useful because they
do not possess a reservoir of material to annihilate the vacancies generated by
EM as is the case for the 1-level NIST structures. 2-Level structures are also
used(Hu et al 1993), where current into an interconnect lead is fed through a via
placed above or below the ends of the lead. Usually, the via is made of a different
material, e.g., tungsten, to form a flux-blocking boundary at the cathode and
anode ends of the lead. This structure is useful for drift, resistance trace, kinetic,
and critical current-|ehgth product studies. Passivation means that the metal
conductor is completely surrounded by an insulating and protective barrier.
Because EM mass transport can be affected by interfaces and the passivation
has impact on the stress-levels attainable within the metal under EM driving force,
this distinction is important in understanding the results in the literature.

James R. Black (Black 1967) was one of the pioneers in conducting research
on the failure mechanisms of electromigration in thin metal conductors. He found
that the lifetime of a thin metal conductor is inversely proportional to the square of
the current density and has an Arrhenius component with activation energy
consistent with grain boundary diffusion. He proposed the following median time

to failure equation:
A E
t, =—exp(—= 1-20
0= p(kT) [1-20]

where tso, median time to failure (MTTF), is defined as the time at which
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50% of a large number of identical devices have failed, A is a empirical material
constant, j is the current density, n is the current density exponent and is found to
be 2 in Black’s experiments, E, is the activation c?nergy, k is Boltzman’s constant,
and T is the absolute temperature. This equation is known as Black’s Equation.
Black’s experiments suggest that grain boundary diffusion is the major diffusion
mechanism and electromigration failure is controlled by grain boundary diffusion.
The activation energy of time to failure coincides with the grain boundary diffusion
activation energy. The single mode of distribution of aluminum thin film structure
has been widely accepted. The current dependence of TTF of Black’s equation
has been under extensive research, numerous computational and analytical
models have been proposéd to explain the Black’s equation. Main weakness of
Black’s Equation is the fact that it ignores the influence of thermal gradient across

the specimen.

1.2.2 Voids Nucleation and Growth Locations

The driving force for void nucleation is the tensile stress at the local
lattice sites(Gleixner and Nix 1996). Tensile stress is coming from the vacancy
condensation due to local vacancy divergence flux. The usual locations for
vacancy divergence flux are at the blocking boundaries of the interface. Current
crowding(Yeh and Tu 2000;Yeh et al. 2002;Tu 2003) or stress concentration

gradient due to the geometry can also cause vacancy flux divergence, where flux
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divergence is divJ =VIJ, J is flux.

The typical test structures for electromigration for aluminum and copper
thin film interconnections are shown in Figure 5. Flip chip solder joint structure
used for electromigration is shown in Figure 6. For aluminum test structure, the
main flux divergence location is at the M2 layer and W via interface. For typical
copper test strﬁcture, the maximum flux divergence location can either be at the
interface of copper via and tantalum barrier due to the blocking boundary
condition, or it could be at the upper corner of M2 line due to current and stress
fields interaction. For solder joints, the interface of solder bump with the silicon die
side is the most vulnerable location for void nucleation. The subsequent void
growth depends on the diffusion mechanisms. In aluminum, the diffusion
mechanism is well established to be grain boundary diffusion. So after voids
nucleate at triple junction of grain boundaries or interface, the grain boundary

provides a fast path for diffusion and voids grow till failure is reached

Vi DD via W: W plug

GB: grain boundary LD interlevel diclectric

M1 mezal lovel L M2 metal bovel 7
Barrier & cap thickness are not to scale.

Figure 5 Idealized 2-level Al(Cu) (upper picture) or Cu Interconnections (lower
picture)(Ogawa et al. 2002)
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Figure 6 Flip Chip Solder Joints Test Structure(Ye Hua 2004)
Experimental observation of void nucleation and growth is usually done
with SEM (Scanning Electronic Microscopy) and FIB (Focused lon beam)(Hu et al
2002b;Liniger et al 2003;Hu et al 2003b). Also in-situ SEM technology(Meyer et al
2002:Zschech et al 2004) has also been developed to monitor the real time

development of void nucleation and growth dynamics.

1.2.3 Time to Failure Statistical Analysis

Black’s equation is widely used to extrapolate service life time for
interconnections with the results obtained by MTF (median time to failure)
technique. The standard approach to testing electromigration reliability is to
stress a series of interconnect test structures at higher temperatures and current
densities than would be seen during normal operation to accelerate the
electromigration failure rate. These data are then used to estimate the maximum
use current, juse, Where the chip will not fail prematurely from electromigration
under a normal use temperature, e.g. 100 °C, over the lifetime of the chip. The juse

specification is used in the chip design. Traditionally, the cumulative percent
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failure probability of an accelerated electromigration stress can be fitted using a

cumulative lognormal function:

_(In7-Ing ¥y

= I__el 20 dlnt [1-21]
2no

The MTF of acceleration tests is then extrapolated according to Black’s
equation(Gignac et al 2003). Black’s MTTF equations gives out -2 current density
dependence of time to failure while Oates (Oates 1995).have reported different
current density dependence value with respect to MTTF. This second order time
dependence is analyzed by several models according to critical stress or critical
concentration for void nucleation as failure criteria (Shatzkes and Lloyd 1986). In
later section, we will give further review.

The single mode lognormal distribution adopted in small samples
acceleration experiments means electromigration failure mechanism is mono
mode, that is, only one failure mode is operative. The lognormal distribution is
commonly used for general reliability analysis, cycles-to-failure in fatigue, material
strengths and loading variables in probabilistic design (A random variable is
lognormally distributed if the logarithm of the random variable is normally
distributed). In order to extrapolate to service condition, it assume this failure
mode under higher current and higher temperature under acceleration test is
operative throughout the full temperature and current density range of service

conditions. For single layer structure such as Aluminum (Cu) with W via or
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Copper single damascene line, a log normal distribution can gives good fitting to
experimental data. But for dual damascene or multi structure interconnection, a
mono mode log normal distribution can not fit into data very well. Two mode or
three mode log normal distributions are suggested for these structure and this
implies more than one failure mechanisms are operative in these types of
structures (Fischer et al ;Ueno et al ;Gill et al ;Lai et al ;Hu et al 2002a;Hu et al.
2002b:Gan et al 2003;Gignac et al. 2003;Liniger et al. 2003). Here a
dual-damascene (DD) structure refer to the manufacturing process that only a
single metal deposition step is used to simultaneously form the main metal lines
and the metal in the via.

Two different methods are typically used for monitoring the
electromigration time to failure. One is resistance change. Usually at the onset of
current application, the resistance change is very small, and at the failure time the
resistance will increase abruptly. The other one is to monitor the low frequencies
changes. For resistance change, In order to detect the early stage of
electromigration, due to the small resistance changes to be evaluated, a
resolution of the order of 1x10* must be reached. Unfortunately, the resolution
of conventional resistance measurements during electromigration is limited by
thermal instabilities of the sample holder. In fact a typical temperature instability is
of the order of +0.2°C . This corresponds to A1%zz4x10“ at 200 °C for

aluminum films(Scorzoni et al. 1991). In order to compensate for temperature
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changes and obtain a high resolution, an AC Wheatstone bridge(Lloyd and Koch
1988) was adopted, where the resistance of the conductor stripe undergoing high
current density was compared to an unstressed monitor stripe. The measurement
cycle was accomplished by introducing for a short period of high current density
into both samples when the resistance of the stressed sample was measured.
The duration of the stressing current in the reference sample was so small as to
prevent an meaningful electromigration efféct. This procedure ensured that the
stressed and reference sample temperatures were identical.

The different failure criteria adopted in electromigration test can change the

“time to failure distribution. Liu et al (2004)used 1%, 50% and 60% of resistance

change to study 0.23 um wide copper dual-damascene lines connected to
underlying W lines with a TaN/Ta linerand S,N, /S,0, insulator. The results show
that 1% resistance change at the test temperature is best described by a trimodal
function which means three different failure mechanisms existed. However using
50% resistance increase as failure criteria, the lifetime of samples showed a
bimodal behavior which means only two failure mechanisms existed.

The sampling size is important too in order to characterize the statistical
nature of time to failure. It is impossible to test several million interconnect
samples in an experimental approach. Only few studies have been performed
which extended the test sample size beyond the typical number of several tens of

failure units(Hoang et al 1989;Nogami et al 1995;Gall et al 2001). Due to the
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amount of interconnects used in electronic industry, for example, a full-scale
device such as a state-of-the-art microprocessor or memory chip can contain up
to several million possible failure links. One weakest link fail can break down the
whole system. Gall et al(Gall et al 1996;Gall et al 2000;Gall et al. 2001) used the
weakest link approach tested more than 75000 interconnects with 480
interconnects connected together as a link. Then using statistical deconvolution
they were able to show that for a single interconnect, the electromigration failure
mechanism follows perfect log normal behavior down to the 4 sigma level (1x10™).

The sample they used is Al(Cu).

1.2.4 Various Factors Affecting Electromigration Failures

Predicting the time to failure for electromigration damage is very
complicated. During this process, conductors have electrical, thermal and
mechanical field exist at the same time. Not only the conductor material's
properties affect the time to failure, but also the non non-conductive and electrical
connections surrounding it change the material electromigration life time. The
researches on electromigration have focused on various conditions which will
improve time to failure, or to prevent bad condition which will make material more
vulnerable to electromigration. These research results give the industry guidance
for reducing electromigration damage, also present insight to the failure

mechanism of electromigration. Yet these empirical research results do not help
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an engineer to do computational simulation on a next generation package that is

in conceptual design phace

1.2.4.1 Effect of Microstructure on Electromigration

Here the microstructure means grain structure of a material. It is well
known that in Al and Cu thin film grain boundary diffusion operate dominantly or
together with surface diffusion. Hence the grain boundary, as a fast diffusion path,
greatly affect the electromigration time to failure. Also the triple joints of grain
boundaries (the intersection of three grain boundaries) can serve as center of
atomic flux divergence lead to supersaturation of vacancies and become
locations of void nucleation and growth near cathode(Tu 2003). Grain orientation
and grain size also will affect time to failure(Onoda et al 1995). The so called
bamboo structure also will greatly improve TTF of electromigration since it can
reduce the effective diffusivity by greatly reducing the grain boundary as a fast
path. Bamboo structure means that single grains are structured in a row in a very

narrow stripe.

1.2.4.2 Effect of Solute on Electromigration

Adding a small percentage of Cu into Al thin film improve significantly
electromigration life time(Ames et al 2000). In bulk alloys, certain solutes have the

effect of retarding or enhancing solvent diffusion. In fact solute Cu in Al is known
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to enhance the lattice diffusion of Al solvent atoms. As we are still not very clear
about diffusion process in grain structure, it is still not clear why adding Cu into Al
by 1% or so will greatly improve life of conductors under high current density.
Several models have been proposed to explain this behavior(Morris et al
1996:Kim et al 1996;Liu et al 1998;Liu et al 1999b). Also by adding certain
amount of Sn into Cu can improve copper interconnect electromigration

performance(Gupta et al 1997).

1.2.4.3 Effect of Boundary Condition on Electromigration

The interconnections of electronic circuit are surrounded by non conducting
and conducting materials. The non conducting materials such as S,0, provide
mechanical support and protection while conducting material such W (tungsten)
via provide electrical and thermal connections. In copper dual-damascene
structure, the liners which surround the copper thin film provide both mechanical
protection and also as an electrical shunt layer. Here electrical shunt layer means
it can also supply a path for electrical current. These conditions will greatly affect
electromigration failure mechanism and time to failure. For detail of Al and Cu
interconnection structure see Figure 5.

In copper damascene lines, studies have shown that the electromigration
lifetime is mostly dependent on atomic diffusion along the interface between Cu

and dielectric layer(Von Glasow et al ;Hu et al 1999;Hau-Riege and Thompson
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2001). So the interfacial layer between capping and copper thin film will naturally
affect electromigration. Different capping materials have been compared(Hu et al.
2002b:Lane et al 2003;Hu et al 2003a) with Cu dual damascene lines, the
difference in selected capping layer material has proved to have a strong effect
on electromigration life time of Cu lines. The activation energies for without
capping is 0.87eV, with S,C,H N, capping it is 1.0eV, with Ta/TaN capping is
1.4eV and with CoWP capping it is1.9 eV (Hu et al. 2003a) . Other studies also
show that TiN/Ti substrate on AIl/Si/Cu alloy will improve electromigration
reliability(Olowolafe et al 1993;Park and Lee 2001).

The diffusion barrier is another important boundary condition since it defines
the flux divergence _Iocation near the blocking boundary. The W via under Al(Cu)
alloy interconnection( see Figure 5) is an example for this blocking boundary
condition. Another example is the TaN/Ta liner in Cu/SiO, interconnects structure.
Liniger et al(Liniger et al. 2003) have shown that with a current density
<5mA/ um® in the power line, the 6 nm liner thickness will give the best
performance in mean time to failure. This can be attributed to the reason the thin
liner will not prevent the Cu diffusion. Since the M1 layer of the structure is much
wider than M2 layer, as a result it serves as a reservoir for diffusion according to
Liniger. Other researches(Ueno et al. ;Hu et al 2001;Hu et al. 2002a) also showed
this effect of liner thickness. The stress due to blocking boundary condition may

play an important role here. With the thickness of liner increasing, the blocking
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boundary condition will be fully established and stress gradient maybe the reason
for the voids shown in Figure 7. Also when there is no liner, there will be no void
formation at M1/Via interface since the Cu will form a continuous flow just like in
Blech's drift test. But this require that the M2 layer must be a reservoir otherwise it
will damage the M2 layer. Also the stress gradient won't build up and
electromigration driving force will become larger since there is no stress gradient
counter- balance force. The W via under Al(Cu) is relatively much thicker than the

liner used in Cu interconnection, so it is a very good diffusion barrier for Al.

Figure 7 Focused Ion Beam Cross Section Images (Liniger et al. 2003)
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1.2.5 Comparison of Electromigration Failure of Al and Cu versus

Solder Alloys

The electromigration in solder(Liu et al 1999a;Liu et al 2000;Ye et al
2002:Choi et al 2002;Yeh et al. 2002;Gan et al 2002;Tu 2003;Nah et al 2003;Ye et
al 2003a;Ye et al 2003b;Ye et al 2003c) is a relative new topic as compared to Al
and Cu. A comparison is necessary for utilizing the researches on much matured
Al and Cu electromigration research.

Tu (Tu 2003) compared diffusivity of Al, Cu and eutectic solder Pb/Sn at
373K and 350. °C. at 100 °C the lattice diffusivity of Cu and Al is significantly small,
and the grain boundary diffusivity of Cuis three orders of magﬁitude smaller than
the surface diffusivity of Cu. At 350 °C the difference between surface and grain
boundary diffusivity of Cu is much less, indicating that we cannot ignore the latter.
The lattice diffusivity of eutectic SnPb (not a face-centered-cubic metal) at 100 °C
is given as an average value of tracer diffusivity of Pb and Sn in the alloy. It
depends strongly on the lamellar microstructure of the eutectic sample. Since a
solder joint has, typically, a few large grains, the smaller diffusivity is better for our
consideration. To compare atomic fluxes transported by these three kinds of
diffusion in a metal, we should multiply the diffusivity by their corresponding

cross-sectional area of path of diffusion. But the outcome is the same.
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Table 1. Melting point and diffusivities of Cu, Al, and eutectic SnPb.

Me
Iting Temperatur Diffusivities at
point e ratio Diffusivities at 100 °C 350 °C
(K) 373 K/Tm (cm?/s) (cm?/s)
Lattice D; = 7x107* O
135 Grain boundary Dy, = ; 9
Cu " 0.275 - Dg=1.2x10
D,=10"°
Surface D, = 107"
Lattice D, = 1.5x10™"° a—
=
Al 933 0.4 Grain boundary Dy, =
Eutectic 456 0.82 Lattice D, = Molten  state
SnPb ' 2x107°-2x107"° D107

Table 1 Diffusivities of Cu Al and eutectic solder(Tu 2003)

The low melting point eutectic solder and lead free solder alloys compared to
aluminum and copper will show time dependent deformation which is called
viscoplasticity. Under constant electrical current stressing, the solder is under
stress due to the interaction between vacancy flux divergence and confined
boundary. Because the vacancy flux divergence is determined by the blocking
boundary condition and the electromigration driving forcé, the larger current
density will increase stress faster than smaller current density. Thus the rate
sensitivity of viscoplasticity will be different under different current densities.

The electromigration driving forces Pb/Sn solder, aluminum and copper are

roughly at the same order. The solder joint dimension is at the order of 100
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microns which is two orders of magnitude larger than copper and aluminum thin
film. The electrical resistivity of aluminum and copper is one order of magnitude
smaller than solder. The effective chargeness number reported in the literature is
about one order of magnitude larger than copper and aluminum(Lee et al
2001;Huynh et al 2001;Ye Hua 2004). According to the electromigration driving
force equation F,=z'epj, we can see that they are in the same order of
magnitude under the same applied current. Due to the smaller Young’s modulus
of solder joints compared with Al and Cu, the stress gradient counter force will be
much smaller than Al and Cu. Thus the electromigration failure in solder joints will
be a serious concern.

As a two phase material, there are two major diffusion species in Sn/Pb
solder. This make the solder alloy diffusion more complicated than Cu and Al. At
different temperature ranges, there seems to be different dominant diffusion
mechanisms. experiments conducted at 150°C that the diffusion of Pb is the
dominant diffusion species(Lee et al. 2001). But at temperatures lower than
100°C Sn instead of Pb is the dominant diffusion species(Liu et al. 2000). Due to
the thermodynamically unstable nature of eutectic micro structure, microstructure
changes affect the electromigration failure process. Thus annealing of the
solder joint is very important. Before comparing different experiments reported in
the literature the annealing temperature and time should be compared first.

Different composition of Sn and Pb makes solder alloy have different
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electromigration failure resistance. This is partly due to the diffusivity caused by
microstructural difference. Since Pb/Sn solder is a two phase system including Pb
rich or Sn rich phase. But their grains are intertwined with each other inside each
phase. This makes the diffusion path very complicated. If the main diffusion
species is Sn, it will diffuse th'rough Sn rich, Pb rich and also their interface
boundaries. The diffusivity of Sn under various lattice structures is different(Gupta
1997:Gupta et al. 1997;Gupta et al. 1998) and the effective diffusivity which is a
combination of these diffusivities is also different.

The typical flip chip package solder joint structure is shown in Figure 8. The
current is passing through a thin layer of aluminum thin film deposited on silicon
die side. Electroless Ni is another layer below Al thin film. The PCB side is usually
consists of Cu/Ni/Au multilayer structure. As we know the noble element such as
Ag, Ni and Cu will react with Sn to form various VIMC (intermetalic compounds)
during the reflow process and current driving. These IMC layers influence with the
electromigration failure process compared to Al and Cu thin film structure.

The IMC formed at solder and metallization layer will makes the interface
vulnerable for mechanical failure. The UBM (under bump metallization) of a flip
chip has a large impact on the IMC formation and consequently on the solder joint
durability. For eutectic SnPb solder with Ni/Au as UBM, continuous NisSn4 and
AuSns IMC layers are often formed at the die/solder and substrate/solder

interfaces during aging. With the increase of aging time, shear strength
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degradation caused by the brittleness and weakness of the AuSn, IMC layer is
observed, especially when the gold concentration in the solder joint is above 3
wt%. When Al/Ni(V)/Cu is used as the UBM, the formation of such a continuous
AuSn, layer at the interfaces is suppressed by the formation of an -CugSns IMC

layer with dissolution of nickel and gold, which shows better mechanical

properties than AuSny(Duan et al 2003).

Cu {80 x 00}

Figure 8 A typical solder connection structure(Lee et al. 2001)

The IMC layer will also affect the diffusion boundary. The IMC between Sn
with Cu and Ni will form a blocking boundary condition to resist the consumption
of thin film deposited on the solder interface. The IMC thickness is thus a very
important factor in electromigration failure study since it has a direct impact on the
boundary condition of diffusion flux. (Chen and Chen 2002) conducted
experiments on Ni and Sn reaction under current loading. It was find out that
different current direction will greatly affect the IMC thickness formed at the

interface. When the electron direction is from Sn to Ni, the IMC layer thickness is
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much larger than if the electron is passing from Ni to Sn. This may suggest that

during the formation of IMC, the Sn atom flux is the dominant épecies.

1.3 Damage Modeling for Electromigration

The void nucleation and growth is the dominant damage mechanism in
electromigration induced failure. The electromigration research efforts on
prediction of damage failure have focused on void nucleation and growth. Usually
the beginning of void nucleation is defined by means of critical stress level which
is usually a spherical stress. Some researchers use critical atomic or vacancy
concentration level as an criteria of nucleation of voids. The linear elastic stress
evolution model is used to predict the stress level. The stress model is solved
analytically for some simple 1-D or 2-D cases with ideal blocking boundary
condition and initial stress-free state using linear elastic material assumption.
Numerical method such as FEM is used to solve the diffusion equation. Void
growth or void dynamics are also under extensive investigation. The driving force
for void growth in electromigration is usually diffusion. There are some models in
which researchers are trying to combine void nucleation and growth using
numerical methods. The te;:hnical difficulty in these models is numerically
singularities of free surface after the void nucleation and remeshing process.
Since stress is usually induced by atomic flux divergence or vacancy flux

divergence, some researchers directly use total atomic flux divergence or
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vacancy flux divergence as an indication of void nucleation. In thin film technology,
microstructure is a very important factor that affect damage evolution, especially
grain structure of narrow thin film conductor. Some models incorporated
microstructure in to the model when predicting damage. Due to the statistical
nature of grain structure, the damage prediction is also statistical. In this sector,
several typical models be reviewed and discussion regarding the pros and cons

will be presented.

1.3.1 Analytical and semi-analytical failure models

The stress evolution model developed by Korhonen et al (1993) is widely
used in the literature. The advantage of this model is that it established the direct
relationship between spherical stress and atomic concentration. Thus it avoids a
numerical procedure for solving coupled differential equations of displacement
and diffusion. For a simple 1-D thin film structure with narrow width it is a quite
reasonable assumption. The limitation of the model is also obvious that it can not
be used to solve complicated boundary conditions and geometric features.
Whether a model can be used to analyze an electromigration under irregular
boundary conditions and irregular geometry determines if it is a numerical
solution of the differ:antial equations ot analytical solution. Semi-analytical

models use FEM or other numerical tools but they do not include displacement

boundary condition effects on the distribution of stress.
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In order to explain exponent of 2 in Black’s mean time to failure empirical
equation, Shatzkes and Lloyd (1986) proposed an analytical solution for vacancy
diffusion. The stress is omitted in their formulation. The vacancy continuity
equation is given by

2
oC Do°C Vac (1-22]
and the boundary and initial conditions are given by

C(-o,t)=C, [1-23]
JV(O,t)=Da(3—f—vC=O [1-24]
where C is vacancy concentration ,
D is diffusivity,
v=ZepjD/kT
Equation [1-22] is solved under blocking boundary condition and initial uniform
vacancy distribution. By assuming a critical vacancy concentration as failure
criteria, the time to failure is proportional to inverse of square of current density.
Shatzkes and Lloyd used vacancy as their primary variable; other
researchers also use atomic concentration or hydrostatic stress as their primary
variable(Ross  1991;Kirchheim  1992;Korhonen et al 1992;Kirchheim
1993b:Clement and Thompson 1995;Clement 1997). The darﬁage metric for

these models is critical stress or critical atomic concentration level. The exponent
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of two dependence with current density and the time to failure have been verified
by above listed researchers for specific cases. If vacancy is used instead of
atoms'in a model, since the vacancy does not follow conservation equation like
atoms, the sink and source of vacancy are sometimes included into the equation
set. Kirchheim(Kirchheim 1992) uses a rate equation to represent vacancy
generation and annihilation which imply that vacancy and hydrostatic stress are in
quasi static equilibrium anytime. If a vacancy and stress equilibrium can reach
steady state fast, this sink and source term can then be ignored. This is controlled
by the parameter called characteristic time. When this value is large, after the
current is applied to conductors, the stress build up will be generally slow at the
boundary for reaching maximum value since the stress build up process is mainly
controlled by the diffusion process. If the characteristic time is small, stress build
up at the boundary will be fast since now this process is controlled by
vacancy-stress thermodynamic equation.
Grain structure is also considered by Knowliton et al (1997). A thin film near
bamboo grain structure is shown in Figure 9. Author use the same stress
evolution governing equation as Korhonen to predict the stress profile at different
times which is also shown in Figure 9. The diffusivity of the bamboo section is set
to be lower than the diffusivity of the multi grain section where effective diffusivity
including grain boundary and bulk diffusion is calculated. Predicting the reliability

of near-bamboo lines, therefore, requires a detailed understanding of the grain
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structure of the interconnects, including the distribution of polygranular cluster

lengths, the distribution of bamboo lengths, and the spatial distribution of clusters

along the line length. Large populations of lines are generated in order to obtain
meaningful failure time distributions for a variety of line characteristics and testing
conditions. The stress distribution along the thin film line shown in Figure 9 is
discontinuous. Based on mechanical equilibrium requirement, this stress profile
therefore cannot be true. This proves that the limitation of ignoring the stress field

boundary conditions and ignoring displacement continuity condition.

v Wl A=

wress s 4 7 A

Figure 9 The microstructure and associated stress profile of a near bamboo
structure as a function of position at (a) short (b) intermediate (c) long
times(Knowilton et al. 1997)

A more complicated model based on atomic concentration is proposed by
Park et al (1999) to include the atomic diffusivity dependence on hydrostatic

stress. Finite volume method is used to calculate the stress evolution. Critical

stress level is defined as a criterion of the onset of void nucleation. To considering
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the void growth, the atoms removing from the void nucleation location which is
atomic flux divergence is calculated. The stress relaxation after void nucleation is
also considered in the model. But the stress relaxation effect is not a direct result
of numerical calculation but rather defined by a constant relaxation length which
is not clearly defined. Also the voids are considered to be occupying the whole
width of the conductor which is obvious not true in a realistic situation.

Since electrical resistance change is often used as an indication in
experiments for damage evolution, resistance change after void growth is also
used as a parameter for damage evolution. Flippi et al(Filippi et al 1996)
correlated resistance change with the void growth model based on very simple
assumption of average strain. The voids in Flippi's model are assumed to be

occupying the whole conductor intersection.

1.3.2 Numerical damage failure models

A general model for EM-induced voiding has been proposed and
implemented by Sukharev et al (2004). Here temperature gradient, stress
gradient, vacancy concentration gradient and electron wind force are all
considered. The complete system of all related variables is considered which
include Laplace’s equation for electric field, Fourier’s equation for thermal field,
Navier’s equation for displacement fielld and mass balance equation for diffusion

process. It is not clear how the four coupled equations are solved from the paper
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since it is a very complicated process. For thermal and electric field it will be
stabilize very fast compared to diffusion process. The thermal field and electric
field equations can be uncoupled from the system. A sequential analysis can then
be performed before solving the coupled equations of diffusion and displacement
field. The linear elastic assumption is used and a critical or threshold atomic
concentration is defined. Once the critical atomic concentration is reached, the
part will be occupied by an extending void. In order to avoid the numerical
difficulties from the free surface created after the void nucleation, the void are
defined through a method called phase field method. This method deals with
modification of the material properties of the portion of conductor occupied by the
growing void. Electrical conductivity, thermal conductivity, Young’s modulus, etc.
inside the void is reduced from the values corresponding to the considered metal

to almost zero, which corresponds to vacuum.

1.3.3 Discussion and motivation

Void nucleation and growth is a complicated process even under only
mechanical stress field. Void nucleation may depend on stress field, plastic strain
accumulation, diffusion, microstructure evolution, preexisting second phase
particles, and other factors. For different materials, void nucleation will obviously
be controlled by different combination of above factors. Due to statistical nature of

some conditions such as grain structure and preexisting second phase particle,
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the simulation model must be stochastic in nature. A simple critical stress or
critical vacancy concentration level is not enough to be used as an indication for
material failure. A versatile damage metric is needed for different materials.

Although continuum mechanics can not deal with void growth modeling, void
nucleation is usually a very good indicator for material damage. Void nucleation
dominant failure is a good example. In this type of failure mechanism, once voids
nucleate, material will fail very quickly. Due to the high residual stress level in
embedded thin film structure and high plastic strain concentration in solder joints,
the void nucleation is the most dominant failure mechanism. The incubation time
for void nucleation in electromigratidn thus can be predicted using a general
damage metric.

For simulating the damage process, initial thermal and electrical field are
needed. The current field distribution sometimes is dominant feature and thermal
mismatch will contribute to stress field also. Boundary conditions which include
diffusion and displacement field need to be considered carefully. Blocking
boundary conditions are usually being adopted for simulating the electromigration
process in the literature. But blocking boundary conditions are not always present.
Most of the models available do not considered displacement boundary
conditions. The assumption is that thin film is under confinement of an infinite
material and a simple bulk modulus is used to define the stress-strain relationship.

In simple 1-D aluminum thin film, the simplicity of displacement boundary
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conditions can allow such simplification. But in a little complicated geometric
feature such as copper dual damascene structure, this assumption is not true. For
3-D solder joints, a coupled system is definitely needed to solve a
displacement-diffusion problem.

Plasticity generally is not considered by the models available in the literature.
The stress relaxation process due to plasticity or diffusion is discussed in the
literature(Korhonen et al 1991;Singh et al 2005). The plastic strain accumulation
is an important factor in void nucleation and growth process. The dislocations
climb and glide accumulation at second hard phase particles is a source for void
nucleation and growth. In order to accurately simulating the damage process the

plasticity and viscoplasticity needs to be considered.
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Chapter 2 Solution of Diffusion-Displacement
Partial Differential Equations

Equation Chapter 2 Section 1
2.1 Introduction

In this chapter an électromigration induced strain-current density model is

proposed and implemented in finite element procedure for solution of

boundary/initial value problems. Plasticity including viscoplasticity model are also
included. A user element for commercial software ABAQUS is created based on
the model.

Electromigration is a mass diffusion process that happens as a result of an
exchange of momentum between charge carriers( free electron) and the ions of
the conductor(Huntington and Grone 1961). Electromigration became
engineering interest since it was first observed as one of the primary failure
mechanism in aluminum IC conductors. Due to insatiate demand for
miniaturization of electronics, electromigration induced failure is becoming a
concern for not only IC thin films but also for solder joints in microelectronic
systems and power electronic packaging (Liu et al. 2000;Lee et al 2001b;Ye et
al 2002a:Ye et al. 2002b;Ye et al 2002c;Ye et al 2002d;Ye et al 2002d;Ye et al.
2003a:Ye et al 2003a;Ye et al. 2003b;Ye et al 2003c;Ye et al. 2003d;Ye et al.

2003e). Under high current density electromigration, vacancy diffusion is driven




by four forces;

1) electrical current field forces, which is due to momentum exchange between
moving electrons and host ions,

2) Stress gradient, due to localization of accumulation and depletion of mass,

3) Temperature gradient, due to Joule heating,

4) Vacancy concentration gradient.

Most of the published work ignored the influence of temperature gradient
forces. Ye et al (2003e) was the first to observe that temperature gradient driving
force can be as strong as other forces and under some instances it can be the
dominant force.

Blech and Sello (1967) were the first to show that stress gradient can act as a
counter force against electrical field driving force. As the mass moves from
cathode side to anode side, compression on anode side and tension on cathode
side will create a stress gradient. Black (1969) is the first to establish a
relationship between mean time to failure (MTTF) with current density although
he omitted many factors, hence his equation is applicable only to certain specific
cases he tested.

Numerous experiments have already proved the existence of a strain gradient
within the thin film conductor line using X-ray diffraction which can penetrate the
passivation layer on top of thin film. (Wang 2001;Ma 2004;Solak 2004;Valek and

Bravman 2004c) . Mechanical stress induced plastic deformation has been
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verified by the obvious evidence of whisker or hillock at the anode side of metal
conductors(Ye et al. 2002a;Ye et al. 2002c;Ye et al. 2002d:Ye et al. 2003a;Ye et al.
2003b;Ye et al. 2003e;Valek and Bravman 2004d). Plastic deformation also
contributes to the main damage phenomenon, which is void nucleation at the
cathode side. Plastic deformation by grain boundary sliding produces high stress
localization when the slip band intersects with particles at grain boundary, which
is a favorite site for void nucleation. Also when there is stress, void growth may
occur within grains as it is governed by power law creep(Cocks 1982).Under high
current density the damage is caused by several mechanisms including

mechanical, thermal and electrical.

Physics literature is rich with empirical mean time to failure equations for thin
films subject to electromigration. Yet these empirical and analytical equations can
not be used for arbitrary boundary/initial value problems. Instead constitutive
models that can be implemented in finite element method are needed(Trattles et
al 1994:Sasagawa et al 2001;Ye et al. 2003c). Models proposed in the literature
do not consider plastic deformation during electromigration process which can’t
be neglected. Also real interaction of vacancy flux and stress, which exists
concurrently, needs to be solved together and not by a sequential method as itis
conventionally done in the literature(Trattles et al. 1994), because of the coupled
effect between stress evolution and atomic flux. In this chapter, a fully coupled

model for simulation of mechanical stress and vacancy diffusion with inelastic
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mechanical material property is proposed which has never been done before. The
model accounts for vacancy flux due to electromigration, stress gradient,
thermomigration and vacancy concentration gradient. It should be pointed out that
earlier similar studies always assumed linear elastic material.

There are several electromigration stress evolution models proposed in the
literature. Kirchheim (1992) proposed a stress model for electromigration in which
generation of tensile and compressive stresses in grain boundaries during
electromigration is caused by the transport, annihilation and generation of
vacancies. Self-consistent equations were proposed describing vacancy
migration through a grain boundary and the associated stress evolution. Another
physical model was proposed by Korhonen et al. (1993) to describe the
mechanical stresses arising due to electromigration in a confined thin film
deposited on an oxidized silicon substrate and covered by a rigid dielectric
passivation layer. While Kirchheim’s model did not consider the direct contribution
of the vacancy flux in the stress evolution; Korhonen’s model’s biggest
disadvantages are that vacancy generation and annihilation effect was not taken
into account and vacancy equilibrium was assumed. Also Kirchheim and
Korhonen’s model assumes a direct stress and vacancy/atom’s flux divergence
relationship based on certain boundary assumption. As a result, finite element
solution implementation is not possible based on their models.

Sarychev(Sarychev and Zhinikov 1999) proposed another stress model which
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takes into those factors. And he gave out several analytical solutions based on
elastic material properties and special boundary conditions. It should be pointed
out that none of the three models mentioned above include thermomigration,
which cannot not be neglected under some circumstances as pointed out by Ye et
al(Ye et al. 2003e). Also these models all assume that material is elastic. We base
our constitutive modeling on Sarychev’s stress evolution model. Because of
Sarychev's model is based on vacancy concentration not atomic concentration,
the flux in the later formulation is refer to vacancy flux instead of atomic flux. In

this dissertation Sarychev and Zhinnikov's (1999) model is used.

2.2 Finite Element Formulation

The proposed model is implemented with ABAQUS general purpose finite
element program using thermal-displacement analysis option. ABAQUS and
other commercially available finite element codes do not have the capability to
solvé general electromigration problem directly. Thermal-displacement option is
used simply because from mathematical point of view, diffusion process and
thermal flux is governed by the same type of parabolic differential equations. With
ABAQUS user element interface, we can embed the program into ABAQUS,
where the temperature degree of f?eedom is utilized for normalized concentration
of vacancy. An 8-node quadratic 2D element and a twenty-node 3D brick element

have been established to simulate both 2D and 3D electromigration boundary

57




- T - S O E

value problems.

In the following presentation of the model development, we adopt viscoplastic
material behavior with kinematic and isotropic hardening which can
accommodate most metal mechanical properties. The ultimate goal of this project
is to study electromigration induced damage on microelectronics solder joints,
which exhibit highly viscoplastic behavior with nonlinear kinematic/isotropic
hardening. Ye et al (Ye et al. 2003a) have shown that solder joints under high

current density exhibit significant viscoplastic behavior.

2.2.1 Governing equations

Electromigration is a diffusion controlled mass transport process. It is

governed by the following vacancy conservation equation which is equivalent to

mass conservation equation.

oc
C,—+Veq-G)dV =0
vj( Wt VA=) -

where C,, is equilibrium vacancy concentration in the absence of stress field,

v

¢ is normalized vacancy concentration and ¢ = ;
v0

C, is vacancy concentration,
tis time,

q is vacancy flux,
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G is vacancy generation/annihilation rate.

Force equilibrium is governed by the following equation

60',.]. _
ox.

J

0 [2-2]

2.2.2 Constitutive equations

Assuming that driving forces of vacancy flux are vacancy concentration
gradient, electrical field forces, stress gradient and thermal gradient, the
vacancy flux is given by (Sarychev and Zhinikov 1999;Basaran et al 2003)

*
Z ec

=-DC (Vc+
q v v0( kT

. cfQ C .
(ph+ —{?Vos,,,,e,.m, #5023

where D, is vacancy diffusivity

C,, is vacancy concentration at stress free state

c is normalized vacancy concentration

Z'is vacancy effective charge number

e is electron charge

p is metal resistivity

j is current density (vector)

f is vacancy relaxation ratio, ratio of atomic volume to the volume of a

vacancy

Q2 is atomic volume

k is Boltzman’s constant
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T is absolute temperature

O hericat 1S SPhETICAI pAIT of stress tensor, O .ica = trace(c;)/3

Q' is heat of transport, the isothermal heat transmitted by moving the atom in

the process of jumping a lattice site less the intrinsic enthalpy.
The stress-vacancy relationship s represented by vacancy

generation/annihilation rate which is given by(Sarychev and Zhinikov 1999)

c-C, 2-4]
T

s

G = —CVO

( l_f ) Q O spherical

where C,=e ¥ is normalized thermodynamic equilibrium vacancy

concentration.

T, is characteristic vacancy generation/annihilation time.

Stress is governed by
o=0¢

where [ is the tangential stiffness matrix.

2.2.3 Discretization for FEM Implementation

With equation [2-1] using weighted residuals method, we can write the

following relationship,

jac[cvo(%"t—+ Veq- G):|dV =0

Using integration by parts and divergence theorem, we obtain




ooc

Ié‘c -VeqdV =- oqu + jé'c qendS [2-7]

v

Substitute [2-7] into [2-6] and using normalized flux and vacancy generation rate

to eliminate C,,

jac 2y~ j‘”c- dV_—jac q e nds + j(schV [2-8]

If we assume blocking boundary condition for vacancy flux, qen=0 then

substituting constitutive equation[2-3] and [2-4] into[2-8], we obtain

oc 0oc cfQ
J§ca—dV+‘J§x .D.[V +_( p.')c+ﬁ-vo-sphencal+k ZQVT)

(1- f)ﬂap', rical

—jac "T =0 1=0

s

[2-9]
The Galerkin approaéh assumes that, the variational field, is interpolated
by the same functions as weight functions used for method of weighted residuals.
Sc=N"éc [2-10]
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Discretization of force equilibrium equation [2-2] can be found at any finite
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element text book so it is omitted here.

It should emphasized that temperature gradient term in equation [2-11] can be
obtained from a separate thermal analysis. Because thermal steady state is
established much faster than vacancy diffusion process, steady state temperature

gradient from thermal analysis can be used for this purpose.

2.2.4 Integration Algorithm -

The complexity of this problem comes from coupling terms between diffusion
governing partial differential equation and force equilibrium governing partial
differential equation. In order to determine Jacobian contributions (stiffness matrix
contribution) material constitutive equation is needed. Because of the nonlinear
behavior of the material (viscoplasticity), a local integration scheme is also
needed, here return mapping algorithm (Simo and Hughes 2001) is used. In the
following derivation current step means at step n+1, the state variables at
previous step n are known.

The stress-strain constitutive equation is established as,

[2-12]

o=U(g

otal gvisoplastic - gelectromigrarion . 8thermal )

where 1 =x1®1+2u(1-41®1) and xis bulk modulus, xis shear

modulus; and
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oo OO O =
== U = N =T =
o OO = O O
o O O o o O

o O © © O

] 1 trace

gelecrromigration == electromtgralmn

Thermal strain is not included as a field variable in current formulation but it
can be added into the model from the results of an independent
thermal-displacement analysis. Compared to mass diffusion, thermal transport
process is a rapid process, so there is no need to solve thermal degree of
freedom concurrently with diffusion process, thus a sequential analysis is enough
for solving the problem.

Itemized strain components,

i 1 trace
I el Bl [2-13]
_ 1 ptrace ___dev
gviscoplastic =43 gviscoplasnc A 8 Iscoplastzc - gviscoplastic [2-14]
T ] pHace 1
gelectronigration 3 “electromigration 1+8electrmtgd10n 3 “electromigration 1 [2 15]

where in Equation [2-15] , g is zero since in mass diffusion only

electromigration
volumetric deformation is considered.
Substitute equation[2-13],[2-14] and [2-15] into equation[2-12], we obtain

- - trace trace
g=K (glolal 4 electrom:granon )[l W 2/1 ( total wscoplastic) [2-1 6]

where &"* s described by following equation (Sarychev and Zhinikov

electromigration
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1999)
OF ectromigration -
= =QC,\(fVq+fG)
[2-17]
f=1=f

According to equation[2-17], it is assumed that when an atom is replaced by a
vacancy there is a local spherical strain introduced at that lattice site due to
difference between the volume of an atom and volume of a vacancy.
Electromigration introduced strain happens due to

1) vacancy flux divergence

2) vacancy generation

Using equation[2-1], we can transform equation [2-17] into

0 trace 3 (1-f)Q0 spherical 5
Eelectromigration C e a —iC: C
Getecromigrain _ 3 (G- fLy=C — %218

s

Equations [2-16] and [2-18] plus plasticity theory all combined together yield the
constitutive material behavior.

Now we perform a local integration scheme to determine the stiffness matrix

(o}
5 L and update the plastic strain and other related state variables.
£

n+l

First, we establish a trial state which we assume elastic behavior at current step
n+1 is given by

stial =2 - (1-11®1)(e%) —£7) [2-19]

n+l n+l
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where s is the deviatoric stress. And viscoplastic flow is described by flow rule

as
E¥ =yn [2-20]
with n= Qg which is normal to the yield surface
where ¥ is the consistency parameter.
Consider kinematic hardening, we define relative effective stress as
g sy =X, [2-21]
where X is back stress tensorand X, is described as
Qz(- H (@)= ¢ [2-22]
ot 4
P o [2-23]
9
where H (a)is kinematic hardening modulus
a is equivalent plastic strain given by j g/l dt
Yield function is defined by,
S =) - 3K (@) [2-24]
The trial yield function is defined as
] et ENEYCA [2-25]

K(a) represents the isotropic hardening component defining the radius of the
yield surface in stress space. ltis a function of the hardening parameter a with

an evolution given by equation[2-23].
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For a rate independent material model y obeys the so-called
loading/unloading and consistency condition
y20 and F(o,a)<0 [2-26]
yF(o,0)=0 [2-27]
For a rate dependent material model conditions [2-26] and [2-27] are replaced by

a constitutive equation of the form (where 77 represents a viscosity material

parameter).
- <¢(: ) [2-28]

Equation [2-28] can be transformed as:

F= @(M) [2-29]
At
where @(m) =¢" (m) :
: At At

and Ay =y, At, which is based on implicit backward difference scheme.
Tang et al(Tang and Basaran 2001) developed viscoplastic flow rule for solder
alloys based on Kashyap and Murty(Kashyap and Murty 1981) model, where
grain boundary sliding is the dominant mechanism, primary and steady state

creep can be given by

F)YY(bY
gr = Aierb(<E>] (%) e_Q/Ra%E:T [2-30]

y

where the material parameters are defined as follows,
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A" a dimensionless material parameter to describe the strain rate sensitivity.

2
Doe( Rg) is a diffusion coefficient where

D, is a frequency factor
Q is the creep activation energy for plastic flow
Ris the universal gas constant = 8.314 J/K.mol = 8.314 N.mm/K.mol
@: absolute temperature in Kelvin
E: Young's modulus
b: characteristic length of crystal dislocation (magnitude of Burger’s vector)
k: Boltzmann's constant
d: average phase size
p: grain size exponent
n: stress exponent for plastic deformation rate, where 1/n indicates strain rate
sensitivity.

From [2-20], [2-28] and [2-30], we can identify,

(s =(FY

1_ AD,ED ( 1 ) ( b )” S-01RS
n k0 \E)\d

If £ <0 thenset s7s =s,,,; Otherwise there is plastic strain at current step,

n+l — n+l?

using flow rule equation [2-20], S,,,and &, canbe obtained as follows:




S . =S, —Ay2um,,, [2-33]
2 .
Eal+1Ar2u+ —3—AH =€
[2-34]
where
- tr
n,, = 57:, [2-35]
§n+l

Using [2-24] for the rate independent case or [2-29] for the rate dependent case
we have the following nonlinear scalar equation for the consistency parameter

which can be solved by a local Newton method(Simo and Hughes 2001), where

g(Ay) is a scalar equation with the only unknown Ay,

g(Ar)=—\EK( )+ [A72u+\fAH } (A’”) 0

[2-36]
Once [2-36] is solved for Ayusing the following updating scheme (Simo and

§n+l

Hughes 2001)
Gy =, +\| Y Ay [2-37]
el =g’ +Ay,, [2-38]
D D 2 '
Xn+l Xn +§H (an+l )A}/nml [2'39]
§n+l o R(an+l )nn+l [2-40]
S T §n+l 3 XnD+l [2'41]
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1 .
0-"+1 - Sn+1 E i ST"(O;:H)I = Sn+l : 5 O-:i’l’encal I [2-42]

n+l

oPrerieal s determined as follow equation

O_spherical = O_spherical +K (Tr ( A 8lotal) —Tr ( A geleclromigration )) [2_43]

n+l n n+l n+l

According to rate equation of [2-17],

spherical
(-0,
kT

Tr(Agelectromigration) — QCVO At e — C"+l _ fAC [2_44]

n+l
(4

s

Substitute [2-44] into [2-43] and after some manipulation we can get

(1-1)Q Pherieal
xT

. : e =iC
O_sphencal - O_sphencal -K Tr(Agtotal) - QCV() At n+tl __ fAC =0

n+l n n+l
Ts

[2-45]
lterating above scalar equation we get updated spherical stress and

substitute updated spherical stress into[2-42], we obtain updated stress at step

n+1.

2.2.5 Jacobian contribution

Now we can determine consistent stiffness matrix through linearization of

equation [2-16], with differentiating both side of the equation:
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agtrace " 1 a 8dev _ 6,vp
k'”1 =k (1 ® 1 _ electraomxgranon ) e 2/1 : ( mmg:‘.] n+l [2—46]

n+1 n+l

. . . . : ag:;:mn
with some basic manipulation and noting that ———=(I-31®1) and
a 3

n+l

Oe”, OAE”, . . .
7= . the second part of equation [2-46] can be described as (Simo
agnﬂ a8n+1

and Hughes 2001)

p
K ., =2y(1—%1®1)+2y-a§—8’ﬂ=2/1(I—-3L1®1)+2/1-2Aaﬂl"—“[2-47]
n+l n+l
With
aA}/ _ nn+l
86‘,,“ 1 00 = K,(anﬂ) + H’(anﬂ)
2u OAy 3u
[2-48]
and
ony _ ZDﬂT " (I “Lie1- n_,® “m) [2-49]
CLAI 3 :

The integration detail for equation [2-47] is given by Simo and Hughes(Simo
and Hughes 2001)

Substitute [2-48] and [2-49] into [2-47],

k|n+l - zﬂ(gnﬂ(l - _;_1 ® 1) - §n+lnn+l ® nn+]) [2'50]
with
9n+1 = 1 - A}/T%ﬂ
§n+l
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[2-51]

and

g - nn+l _ A},:ﬂ [2_52]

n+l 1 a@ s K,(anﬂ) + H'(anﬂ) §n+l
241 Ay 3u

Now we return to equation[2-46] to determine consistent stiffness matrix at step
n+1, with equation[2-43] and [2-44], we can get nine equations with nine

unknowns as follow

k!, =x(1- QAt_.Zk ¥ y+k,

k=1

[2-53]

Solve above symmetric equation to obtain final form of the stiffness matrix

k=1

9% +K,
Kk =x|1-QAE| 3k — kKQAIE ———oal kY | [+k?, [2-54
w+l K{ [ K= 1 3K£)At‘_‘ Z w+l ]} w+l [ ]

where k= kam, forij=1,3

i,j=1
for other terms of k?_, is defined by
kn+l = kl:j+l [2-55]
fori,j =4,6

Other terms of constitutive equations needed for final total Jacobian matrix can be

derived from k We will derive those as follows,

w+l”
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Based on equation[2-16] and [2-18] we can get

0 oG OA
g =KCv09§,.j(At —f c"“) [2-56]
acn+l acn+l acn+l '
OA 0 - ’
Substitute G and notice that O = (Cpu1 =) =1, we can obtain three
aCn+l acn+l
ij
equations with three unknowns (5, —=% )
el
n+l i j=13

(l_f)Qo_:phen'ml

7 _ et 1.3 )
%=_§ij&Cv0 ‘j—:—f)+§,jK§2Cv0Atuge kT (25"au )
i,J

8e., ~ 3kTr, o
[2-57]
We solve above equations to obtain
oo KQC, (4L -
aO',,+1 = o5 —f )(I—f)Q — [2-58]
C = arnl
Gl T T L K

3kTt

s

By using equation [2-3], we can get

* spherical spherical .
aqn+l = —D( i+—Z—E(—pj)+ fQV0n+l > ch aVJnH b Q VzT
oc,,, x kT kT kT oc,, kT
[2-59]
spherical
Where all terms are known except for the term a—"*‘— which can be
oy

n+l

calculated using finite difference scheme at local material points. Then it can be

reformed as

n+l = n+l

2-60
e, ox =

aV O_spherical a ( a o_spherical ]

acn+l
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spherical

where —a’L can be calculated from [2-58].
c

n+l
Also we can derive the following relation from equation [2-3]

04y __pf Q0 (60:’1'{”'“”}

oE - kT ox\ oOe¢,,

[2-61]

o€

n+l

spherical
where [—O-"—”—] can be determined through equation [2-54].

From equation [2-4], we can obtain

[ (a-f )Qa,',rﬂ’ (1 f)Q a :ﬁilpertcal IJ

oG kT oc..

nil _ [2-62
acn+l Ts ]
spherical
where —a’L is given out through equation [2-58]
c o

n+l

Also from equation [2-4], we can obtain

aGn+l _ e(u -1)a0mel (1 f)Q 0 :ﬁilrertcal
0€,,, kT 3
[2-63]

With equations [2-54], [2-55], [2-58], [2-59], [2-60], [2-61], [2-62] and [2-63], we
have got all the terms needed for calculating the final Jacobian terms at current

step n+1.
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First taking derivative with respect to c for equation [2-11], we obtain

K = ” NTOLCW gy [2-64]
= At
2 N
- dv
cc _[JJ‘ aX " chnH a a O_;ﬁiliertcal Q VT DN
kT ox\ oc,, e
[2-65]
(1 f)Q (1- f)Q"'nu ao.:iillencal 1
k2, = [[[-~"d L2 O [V dV  [2-66]
z-S
and we have
k™ =k! +k2 +k2, [2-67]

Also we can take derivative with respect to u™ for equation [2-11], we obtain
aNT Q a spherical
= (If DN fan] 00, dv [2-68]
b ox kT ox 0€, .,

where ¥ =B®u"“
n+l

(1-/)Qa7hme
_ kT spherical
2 = II —NTD(l f)Q e aO-n+l EBdV [2‘69]
vV kT Ts agnﬂ
and
k™ =kl +k2, [2-70]

At the same time, we can also take derivative with regard to the discretized

displacement governing equation, we obtain:
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n+l

| HBT ®k . ®BdV [2-71]
vV

e a O_:;;herical
k" = j’yﬂBT g—nl—g NV
[2-72]

Finally, we have our final Jacobian matrix as (where subscript ¢ represents

vacancy concentration and u represents displacement)
kn+1 kn+l
K= (k:cn k:il] [2-73]

2.3 Nonlinear kinematic damage coupled formulation

Above formulation is only for linear kinematic hardening formulation, the
integration scheme is called radial return method. The radial return method
presented is based on Simo and Hughes (1997), but Simo and Hughes
formulation did not include nonlinear kinematic hardening. Armstrong-Frederic
evolution of the back stress with radial return method is presented by Lubarda
and Benson(Lubarda.and Benson 2002). But Lubarda did not specify stiffness
matrix updating procedure in his paper. Based on Lubarda’s paper, the stiffness
matrix updating scheme is presented here. Also damage will be coupled into the
formulation for the convenience of implementation. Some equations that are

similar to the previous sections are also presented for the convenience of the

readers.
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2.3.1 Rate Dependent Combined Isotropic/Kinematic

Hardening Model.

Consider the following classical Von Mises plasticity model:
Hooke's law
6=C:(¢-¢") [2-74]

Yield function

Fe= ||s-x||—\EK(a) [2-75]
Flow rule
« P A
€ =yn [2-76]
. 2 ’
with n= = (normal to the yield surface)

(Y

Hardening laws
, , ; 2
Isotropic hardening &= \/;y [2-77]

Kinematic hardening X =c¢&f —¢c,Xa [2-78]
where ¢, is linear kinematic hardening constant
¢, is nonlinear kinematic hardening constant.
1
S=0 —gTr(c)l
X is a back stress tensor defining the displacement of the center of the

yield surface in the deviatoric stress space.
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K(a) represents the isotropic hardening component defining the radius of the

yield surface in stress space. It is a function of the hardening parameter «.

K(a)= \EYO +R, [1-e] [2-79]

where Y, is initial yield stress at uniaxial tension,

R_is isotropic hardening saturation value,

c is isotropic hardening rate.

y Is a non-negative plasticity (consistency) parameter
F(o,a) is a yield function separating the elastic from the inelastic domain.
In the case of a rate dependent material on the other hand, the magnitude of the

viscoplastic flow is proportional to the distance of the stress state to the surface

defined by F(o,a)=0. Using this fact we have for a time step Ar and using (8)

that the following relation can be established

Fe @(éﬁ) [2-80]
Al
where @(Am) =¢" (A—m—) .
; Al

and Ay =y, At, which is based on implicit backward difference scheme.

Tang et al(Tang and Basaran 2001) developed viscoplastic flow rule for solder
alloys based oh Kashyap and Murty(Kashyap and Murty 1981) model, where
grain boundary sliding is the dominant mechanism, primary and steady state

creep can be given by
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.vp_ADoEb <F> ; é pe_Q/Raa_F [2-81]
T 2 | B J\d o

i

we can identify,

(p(F))=(F)’ - [2-82]

1D 1(5) o
n ko \E)\d

2.3.2 Damage coupled constitutive model

Making use of the strain equivalence principle we can write in the usual form
6=(1-D)C:(¢-£&") [2-83]

where D is a damage parameter,

F=|S-X|-@- D)\EK (@) [2-84]

X = (1-D)(c&h —c,Xa) [2-85]

2.3.3 Return mapping algorithm

Consider the following trial (elastic predictor) state.

Str

n+l

=S, +(1-D)2uAe,,, [2-86]

where Ae,,, is deviatoric strain increment at current time
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The increment of the back stress will be computed from [2-85]

dX,,, =(1- D)[ cdel,, -, Ay [6X, +(1-0)X, ]].0<6<1 [2-87]
where ¢, =2,
The generalized midpoint rule where #=1/2 is used for the recall term, the

value §=0 and 6=1 corresponding to the backward and forward Euler time

integration schemes, respectively.

Equation [2-75] and [2-76] define flow rule in algorithmic formulation for plastic

strain increment

S .. -X
dg?,, = Ay w1 Swe_ [2-88]
1 "Sn+1 i Xnﬂ"

Substitution of equation [2-88] and X,,, = X, +dX,,, into equation [2-87] gives

n+l

dX., =a, Ay| St Re G2 [2-89]
S,..-X | ¢

where a , = Gd=0)
™ 1+c (1- D)1-0)Ay

then using the flow rule [2-88], equation [2-86] can be rewritten as

—Ay(1-D)2u San-Xon [2-90]

S"+ T S’r
1 "Snﬂ - X, "

n+l

and introducing the relative stress &2, =S,., - X, with equation [2-90] we have
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Sen=Xou _x _ax_ [2-91]

Sn+| = xn+l|| B "

Substitution equation [2-89] into equation [2-91] gives

ED,, =S, — X, =Sk, —Ay(1- D)2

n+l —

Sui1 = Xony =B [2-92]

xn+l " ’

S, - X, +Ay(1-D)2u+a,,) S
n+l ~

where B, =S;,, X, +b,,A7X,

c.
.

and bn+] == an+|
G

Also from equation [2-92], one can identify following relationship,

S,.,-X
Sn+1 - Xn+l

il Bn
| B

nn+l -

[2-93]

which is used for updating plastic strain using [2-88] once Ay is known.

We take a trace product of equation [2-92] with itself, which gives

Sn+1 [~ Xn+l ” + A)’((l = D)2lu+ a.. ) =

(I8, =X, +(-D)2pe, . +8,, 87X [ +2(S, ~X,):((-D2use, +b,,+1Arxn)T2

[2-94]

In view of equation [2-84] for rate independent case or using equation [2-80] for

rate dependent case, equation [2-94] can be rewritten as
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F(A7)=(1—D)\EK (a" +\EM}Ar((l—D)zwaMl)—@(ATyt”-)

+2(S, -X,):((1-D)2pAe,,, +b,,A7X, )]y’

" +|(1-D)2uhe, , +5,,87X,

[is.-x.

[2-95]
Newton'’s iterative method is employed to solve above equation [2-95] to obtain

Ay

Once [2-95] is solved for Ay the following updating scheme can be used

a@ =, + %A}’ [2-96]

Egsi 8, Ay o, [2-97]
B,

X =X, +a,,Ay7 (z—:i—:l —%X..J [2-98]

€2, =(1- D)K(am)ﬁ—: 12-99]

S = s T X [2-100]

Cast =K(l—D)(tr[sm])l+2/1(1—D)(en+1 o 2 ﬁn )
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[2-101]

2.3.4 Linearization (Consistent Jacobian)

By differentiating equation [2-101] with respect to total strain for stress tensor, one

obtains

de,., = (1 —D)|:C—2,unn+, ® :M
€

—2uAy ®%] -de,.,, [2-102]
€

n+l n+1

were C=x1®1+ 2;1(1 —%1 ® 1) is the elastic tensor.

By differentiating equation [2-94] with respect to ¢,,,, after some mathematical

manipulation one can obtain

OAy _ 2u(1-D)B,
oe,,, AD,-B, :®,

[2-103]

where

@, =

n+1

Ay+b, )X,

@, = %(1 - D)X (@,,,)+2u(1- D) +a,, +Aya,,

n+l

b
" +|2u(1- D)de+b,, ArX, || +26S, - X,) : (2u(1- D)de+b,,+|A7Xn))

A=(ls. X,

Utilizing equation [2-93], one can obtain

ann+l e annﬂ a13n - 1 [I -n,, [0%4) . ] ¢ S—B“— [2-1 04]

asnﬂ - aBI'I aanﬂ "Bn" £n+l
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'

where ;B" =2,u(1—D)(I—%1®l)+(b;+,Ay+bm,)Xn®668A7

£n+l n+1

Substitute equation [2-103] [2-104] into equation [2-102], one obtains Consistent

Jacobian for the current step.

2.4 Viscoplastic Nonlinear Kinematic/Isotropic hardening

Verification

The complexity of nonlinear kinematic and isotropic hardening viscoplastic
models presented above need to be verified before implemented into the
displacement-diffusion coupled problem. For that purpose, a user material is built
for ABAQUS and implemented. The comparison will prove the robustness and

accuracy of the algorithm.

2.4.1 Isoerror Map

The purpose of isoerror map is to test the accuracy of the integration algorithm,

although this technique can not replace rigorous mathematical stability and

accuracy analysis.




03

1/v2lis{| - R=0

Q™o T m
<
)

FiGuRe 3-3. Plane-stress vield surface. Points for isoerror maps

Figure 10 Points on Yield Surface(Simo and Hughes 2001)

Figure 10 shows three points on the yield surface. A strain increment at each

point is applied. Then the stresses are computed by applying the integration

algorithm. The error is represented by,

(6—6):(6—6)
5 = f X]OO [2_105]

V6 o
Here O is the result obtained by applying the algorithm, whereas G* is the
exact solution corresponding to the specified strain increments. The exact
solution is obtained by repeatedly applying the algorithm with increasing number
of sub increments until no significant change in solution. A special program is
written to generate isoerror map using Fortran 90. The final results are shown in
Figure 11 respectively for points A, B and C. Good accuracy (within five percent)

is obtained for strain increments of the order of the characteristic yield strains. In
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Figure 11 x, and y axis represent strain increment normalized by yield strain of

material at x and y direction.

Isoerror map corresponding to point A on the yield surface
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Isoerror map corresponding to point B on the yield surface
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Isoerror map corresponding to point C on the yield surface
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Figure 11 Isoerror Maps for Points A, B and C

2.4.2 Comparison with Abaqus

In order to further verify the constitutive model, a number of direct comparisons
with Abaqus are performed. These comparisons are conducted with a single
element by applying uniaxial and shear displacement boundary condition.
The following material properties are from Tang et al (2001). Temperature
dependent shear modulus and Young’s modulus are respectively,

G(T) = 19.44-0.0395 T(K) [2-106]

E(T) = 52.10 - 0.1059 T(K) [2-107]

The initial yield stress is measured for Pb37/Sn63 solder, and givén by:

o, (T) = 60.069 — 0.140T(K) [2-108]
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The parameters for strain hardening are given in Table 2.

Table 2 Hardening Parameters

Parameter Value
¢,(MPa) 2040
¢,(MPa) 180
= 383.3
R..(MPa) 37.47 - 0.0748 T (K)

The analysis results for uniaxial and shear are shown in Figure 12 and Figure 13
respectively. The user material modeling gives out exactly same numbers as
Abaqus. Since Abaqus does not have viscoplastic model like we defined, we did
not take viscoplastic effect into consideration, and used rate independent material

properties. 4 nodes element is used in analysis.

T
é

s
-3

Stress components
8
2

0.00 . . 1 0.80 1.00
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Figure 12 Uniaxial Tension Analysis Results Comparison for User Material Model

and Abaqus

w
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Figure 13 Shear Analysis Results Comparison for User Material Model and

Abaqus

Since Abaqus uses Ziegler's model instead of Prager’s model for nonlinear
kinematic hardening, Abaqus yields different back stress value than our model if
there is a spherical stress. This is verified by comparing shear and tension back
stress evolution. Abaqus gives out the same back stress for shear but not for
tension. In order to test this effect, a cyclic loading of uniaxial tension and
compression is performed with Abaqus built-in model and user defined material
model. The result is shown at Figure 14. The stresses evolutions for both cases

are almost overlapped each other. Here only the stress in the applied tension and
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compression direction is shown.
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Figure 14 Cyclic Uniaxial Analysis Results From Abaqus Built—in.model and User

defined Material Model

2.4.3 Strain Rate Sensitivity

Since Abaqus does not have our viscoplastic flow model, direct comparison with
Abaqus is not possible. In order to verify viscoplastic model, a strain rate
sensitivity analysis is performed. The material parameters for viscoplastic flow
function are listed in Table 3. Several loading with different strain rate are applied
to a plate with a hole in the middle shown in Figure 15. The applied loadings are
displacement at the free edge of plate. The other edge of plate is fixed according
to symmetry properties of the problem. The analysis results are shown in Figure
16. In Figure 16 the reaction force of the fixed edge is shown under different strain

rate. For very high strain rate, material exhibits hardening since material does not
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have enough time for viscoplastic flow which causes stress relaxation.

Table 3 Viscoplastic Flow Parameters

Parameter Value

D, (cm? /) 0.488

3.18

b(A)

d(pm)

N
P
Q(KJ/mole)

A




S, Hise.

s
(Ave. Crit.: 75%)

.000e+00
-000e+00
.000e+00

0DB: G

mport: 1

dard Time 2004

ODB: job-1.odb ABAQUS/Standard 6.3-1 Mon Nar 08

Step: Step-1

Increment 0: Step Time = 0.000
Primery Ver: S, Mises

Deformed Var: 0 Deformation Scale Factor: +3.600e+01

Figure 15 Plate with a Hole
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Figure 16 Strain Rate Sensitivity Analysis

2.4.4 Cyclic loading

After verification of the model, a number of cyclic loading analyses for different
plastic strain ranges are performed to compare with experimental results. The
tests are performed by Tang with a thin layer of solder sandwiched between two
copper plates (Figure 17) (Tang and Basaran 2001). Shear displacement
deformation is applied to the samples. The testing temperature is 22°C. The
parameters for the analysis are listed in Table 2 and Table 3. For strain rate of

1.67x107° /s, analysis results are shown in Figure 18 and Figure 19 for plastic

range of 0.022 and 0.004 respectively. The results for analyses deviate from
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experimental results. The main reason is believed to be the difference of Young's

modulus.

R
B, sl

Figure 17 Specimen for fatigue shear testing for Pb37/Sn63 thin layer solder
joints
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Figure 18 A Comparison of Analysis and Experiment Results for Plastic Range

0.022
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Comparison between Analysis and Test
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Figure 19 A Comparison of analysis and Experiment for Plastic Range 0.004

After the cyclic loading simulation, two analyses with damage are performed.
The results are shown in Figure 20 for plastic range of 0.022 and 0.004. The
damage evolution is within the expected range. For the detail of damage
formulation please refer to the paper by (Tang and Basaran 2001;Basaran and

Tang 2003;Basaran et al. 2003).

94




Cyclic shear loading at plastic strain range of 0.02
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Figure 20 Cyclic Loading Simulation with Damage Coupled Viscoplastic Model for

Different Plastic Strain Ranges

95




2.5. Conclusions

A general diffusion displacement finite element formulation is presented in
this chapter. The material plasticity including nonlinear kinematic isotropic
hardening rate dependent formulation is also formulated and successfully
implemented and verified. Thus the formulation enables us to simulate stress and
diffusion coupled system with various material properties including very
complicated solder alloy material properties. Using the commercially available
ABAQUS, user defined element and user defined material are programmed using
FORTRAN 90. In the next several chapters, these programs will be used to
simulate various electromigration processes for different material and boundary

conditions.
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Chapter 3 Finite Element Simulations

Equation Chapter 3 Section 1

In this chapter, the finite element formulation developed in the second
chapter will be used for simulation in aluminum thin film, dual damascene copper
interconnects and lead free solder connections. The main purpose of simulaiton is
to investigate the model behavior under various boundary conditions and different
material properties. Comparison with experimental results and other models
presented in the literature are conducted. Damage is not formulated explicitly in
the model, but some damage prediction will be conducted using various damage
metrics presented in the literature. The numerical results prove the robustness of
the program. Also it reveals some important factors during damage prediction.
Basically, this chapter is for verification purpose and it will pave the road for the

next chapter’'s damage formulation and implementation.

3.1 Simulation for Aluminum thin film

3.1.1 Mesh sensitivity

There are many experiments reported in the literature calculating stress based




on elastic strain measurement during electromigration. In order to eliminate
thermal stress contribution, we choose Valek's(Valek and Bravman 2004c)
experiment to verify our model because it reports the deviatoric stress which
eliminates thermal stress influence. Valek uses scanning white beam x-ray
microdiffraction, which allows for mapping the complete orientation and deviatoric
strain tensor of micron-scale grains within a passivated thin film interconnect line.
The geometry of Valek's experiment is an aluminum thin film of 4.1 micron of
width, 30 micron in length and 0.75 micron in thickness. It is passivated by 0.7
micron of Si0O, on both sides. Current was ramped up to 30mA
(7=0.98 x10° 4/ cm®) over the course of 24 hours with increments of 10mA, then
turn off for 12 hours. The material used for samples is sputtéred Al (0.5wt%Cu).
During the experiment the temperature is controlled at 205°C . Because of the
geometry of sample, plane strain element is used to simulate the process.
Current direction is from left to right. Also diffusion along boundaries is considered
to be blocking boundary condition. The displacement boundary conditions are
assumed to be fixed at all boundaries, because both ends are connected through
via for electrical connection and top and bottom boundaries are confined by
passivated layers.
Before we proceed to compare our simulation results with Valek’s experiment,
a mesh sensitivity analysis is performed to show the robustness of our model.

Two meshes are generated using ABAQUS CAE; A coarser mesh with 40
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elements and a finer mesh with 180 elements; both elements are 8-node
elements. The coordinates are set to be as x along length, y along thickness and
z is along width. The meshes are shown on Figure 21. The geometric dimension

of the model is identical to Valek’s specimen.

Figure 21 Mesh generated by Abaqus CAE

Material properties used in analysis are listed in Table 4. For this study we use

perfect elastic-perfect plasticity material model for Aluminum. So there are no

hardening effects.
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Table 4 Other Material Properties

T, temperature(K) 477 (Valek and
Bravman 2004b)
k, Boltzman’s constant(J/K y Ye et al 2003b
Rik) 1.38x107% ( )
E Young’s modulus(GPa) 62 (Ma 2004)
v, Poission ratio 0.33 (Ma 2004)
Yield stress(MPa) 72 (Ma 2004)
Equilibrium Vacancy 15 (Korhonen et al
concentration at a stress free state 6.02x10 1993)
at 473K(/cm’)
Ye et al. 2003b
Atomic volume(/cm’) 1.66x107% ( )
Vacancy relaxation time(s) 0.0018 (Sarychev and
Zhinikov 1999)
f, average vacancy relaxation ratio | 0.6 (Sarychev and
Zhinikov 1999)
Effective charge number 4 (Tu 1992)
Resisitivity ohm.c Ye et al. 2003b
esisitivity ohm.cm 207x10~" ( )
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(a) Normalized Vacancy Concentration Distribution along the Thin Film
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NORMALIZED ATOMIC FLUX DIVERGENCE
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(b) Normalized Atomic Flux Divergence Distribution along the Thin Film
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(c) Equivalent Plastic Strain Distribution along the Thin Film
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Figure 22 (a-d) Results for coarser mesh after 24h current stressing
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(b) Normalized Atomic Flux Divergence Distribution along Thin Film

Figure 23 Deviatoric stress and flux divergence for finer mesh after 24 hours

The computational results shown in Figure 22 are normalized vacancy
concentration, normalized atomic flux divergence, equivalent plastic strain and
deviatoric stress distribution. Peak near the end in all figures is due to blocking
boundary condition where transported flux is zero. Atomic flux divergence is
calculated based on vacancy flux divergence and C,/C, =1x 1077, where C,is
vacancy concentration gradient and C, is atomic concentration, unchanged
throughout the process. Atomic flux divergence simply represents the percentage
of mass transported out or in to the unit volume throughout the whole process.
This variable is used to represent damage by many researches such as
Sasagawa (Sasagawa et al 2001). Results shown in Figure 22 indicate that even if

there is no current crowding effects, atomic divergence can still happen because

103




of the blocking boundary condition. Because of the discontinuity of vacancy flux
at both ends, flux divergence and equivalent plastic strain distribution exhibit
abrupt decrease near the boundary. Figure 22 (a-d) Results for coarser mesh
after 24h current stressing also shows that vacancy flux is on the same direction as
current direction which will cause tension at right hand side (cathode) and
compression at left hand side (anode), which is in accordance with equation
[2-3].The counter diffusion céused by stress gradient and vacancy concentration
is at the opposite direction 6f current direction. Plastic deformation takes place at
two ends which propagates towards middle of line until reaching steady state.

The results for finer mesh are shown at Figure 23. Compared with coarser
mesh we can see finer mesh gives out same distribution as coarser mesh,
maximum atomic flux divergence and deviatoric stresses for finer mesh result are
very close to the values of coarser mesh. Therefore we conclude that there is no
mesh sensitivity.

3.1.2 Comparison with Valek’s Experimental Data

The experimental result reported by Valek is shown below. The stress shown
in Figure 24 is deviatoric stress, where X is in the axial direction of the thin film line,
Y is across the line, and Z is normal to the sample surface. So Valek’s z direction

is y direction in our numerical analysis.
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